Abstract. Serological data from wild rabbits support the hypothesis that a second RHDV-like virus was already present in Australia before rabbit haemorrhagic disease virus (RHDV) was introduced as a biological control agent. This putative virus apparently persists in most wild rabbit populations in the presence of RHDV, and antibodies raised against it appear to protect some rabbits from fatal rabbit haemorrhagic disease (RHD). High titres of these antibodies are most commonly found in rabbits from high rainfall areas; this may explain why the initial mortality from RHD declined as the disease spread from dry areas into wetter regions and why it remains less effective as a biological control in wetter regions today. The implications for further advances in rabbit control are discussed, including the need to isolate this putative RHDV-like virus and develop specific ELISA tests to facilitate its detection in the field.
Introduction
Rabbit haemorrhagic disease (RHD), an acute, mostly fatal disease of European rabbits, was first described in China in 1984 (Liu et al. 1984) and subsequently spread to more than 40 countries worldwide, mainly through trade in rabbit meat and fur. The causative agent, rabbit haemorrhagic disease virus (RHDV), is a calicivirus specific to the European rabbit (Ohlinger et al. 1990) .
Although the origins of RHDV are unknown, related viruses appear to have had a long association with European rabbits. Deep-frozen sera collected from domestic rabbits before the arrival of RHD in Europe contained antibodies that reacted in RHD enzyme-linked immunosorbent assays (ELISAs) (Rodak et al. 1991) , and Chasey et al. (1997) found that sera from wild rabbits throughout Britain reacted in RHD haemagglutination inhibition tests even though RHDV was not widespread. All 22 of these seropositive rabbits challenged with virulent RHDV survived. The presence of these antibodies now seems explicable given the discovery of a related non-pathogenic rabbit calicivirus (RCV) in domestic rabbits (Capucci et al. 1996) ; Fenner and Fantini (1999) argued that the precursor to virulent RHDV may well have been a similar non-pathogenic virus.
In 1991, RHDV was imported into Australia for assessment as a biological control agent against introduced wild European rabbits (Lenghaus et al. 1994) . At the time, rabbit sera from many parts of south-eastern Australia were tested serologically using a competition ELISA (Lenghaus et al. 1994) . Although this gave no indication that RHDV was present in the wild rabbit population, some sera nevertheless showed background reactivity significantly above that of the negative control.
In early 1995, quarantined trials began on Wardang Island, South Australia, to assess the usefulness of RHDV as a biological control agent. In October of that year, the virus escaped from the island and rapidly spread across much of inland South Australia, reducing rabbit numbers markedly (Mutze et al. 1998; Bowen and Read 1998) . Studies were then initiated to confirm the spread of the disease and to follow its epidemiology (Cooke 1997; Cooke et al. 2000) using ELISAs developed in Italy for the veterinary diagnosis of RHD in domestic rabbits (Capucci et al. 1995 (Capucci et al. , 1997 . Importantly, in these initial field studies, some reactivity in immunoglobulin (IgG) ELISA was seen in sera from rabbit populations where RHDV had not yet become established. It was suggested that these antibodies might have arisen from infection with an RHDV-like virus that had been present in Australian rabbits before RHD was introduced (Cooke et al. 2000) .
The observations of Lenghaus et al. (1994) of ELISA reactivity in Australian rabbits before the introduction of RHD were also followed up by Nagesha et al. (2000) . They used a baculovirus system to express the coat protein of RHDV (Nagesha et al. 1995) and then used the recombinant virus-like particles (rVLPs) in ELISAs to detect antibodies. They not only demonstrated pre-existing antibodies in Australian rabbits, but also presented evidence that those antibodies partly protected rabbits against fatal RHD. In a sample of 23 rabbits with pre-existing antibodies, collected near Bendigo in central Victoria, only 11 died following experimental challenge with RHDV. Survivors were mostly rabbits with high titres of the pre-existing antibodies. Robinson et al. (2002) also tested rabbit sera collected before the introduction of RHDV into Australia. These sera, from the southern tablelands near Canberra, similarly showed that many rabbits appeared to have antibodies to a putative RHDV-like virus.
The observations of Nagesha et al. (2000) , Cooke et al. (2000) and Robinson et al. (2002) were all the more interesting because Neave (1999) demonstrated that when RHDV first spread across Australia, it caused lower mortality in rabbit populations in cooler, humid areas than in dry, arid areas. This raised the possibility that the pre-existing RHDV-like virus, which partially protected rabbits against RHD, might have reduced the efficacy of RHD in different regions of Australia.
To test this idea further, we used field observations and re-analysis of sera from previous experiments (McPhee et al. 2002) to consider how titres of antibodies to the putative RHDV-like virus might influence the mortality caused by RHD. We also used data from a general serological survey to see whether titres of antibodies to the RHDV-like virus varied from site to site across south-eastern Australia. If antibodies to the RHDV-like virus reached their highest titres or were most prevalent in high-rainfall areas, then this would support the hypothesis that they may have protected rabbits against RHD as it initially spread. It might also explain the link between climate and mortality resulting from RHD.
Materials and Methods

Study area
Information used in this study came from 16 sites across South Australia, western New South Wales and western and central Victoria. Detailed comparative studies on the epidemiology of RHDV were carried out at Gum Creek sheep station in the Flinders Ranges, South Australia, and at Ingleston, another sheep-grazing property, near Bacchus Marsh in Victoria's Port Phillip region. However, rabbits were also sampled by night-shooting over a large area extending from near Ceduna on the west coast of South Australia to the Bendigo area of central Victoria. Also included were sites such as Fowlers Gap, in arid New South Wales, and sites in coastal south-eastern South Australia near Murray Bridge and Salt Creek. Additional information came from live rabbits collected for experimental use near Beechworth, in a high-rainfall district of north-eastern Victoria, and near Ballan, in the Victorian Port Phillip region. The locations of these sites are shown in Fig. 1 .
Rabbit samples
Shot samples of rabbits were collected at night using a 0.22-calibre rifle from a vehicle equipped with a 100-W spotlight. Once each rabbit was confirmed dead, blood was collected from its heart to obtain serum for ELISA. The spleen and about 1 g of liver were collected for detection of RHDV by virus-capture ELISA. Each rabbit was weighed, sexed and its reproductive condition recorded. An eye was preserved in 10% buffered formalin for age estimation on the basis of dried eye-lens weight (Dudzinski and Mykytowycz 1961) .
In live-trapping studies at Gum Creek, rabbits were caught in wire cage traps baited with chopped carrot and oats. At Ingleston, cage traps and smeuse traps were used. The smeuse traps were basically cages with two swing doors set in rabbit-proof fences surrounding the warrens. When necessary, the doors could be set to open only inwards, trapping rabbits entering or leaving the warren. Traps were inspected each morning, and trapped rabbits were placed separately in clean hessian bags, sexed, and their reproductive status noted. A blood sample (2 mL) was taken from an ear vein and the rabbit was marked with a serially numbered metal ear-tag if not previously captured. Body mass was recorded at each capture to estimate growth rate and calculate the age of younger rabbits. Rabbits were released into burrows near their point of capture. A serum sample was drawn off each blood sample and frozen for later analysis using ELISA. A liver sample was taken from any freshly dead rabbit found on the sites and was examined by virus-capture ELISA to determine whether RHDV was present. At some Victorian sites, ferrets were used to drive rabbits from warrens into nets. These rabbits were otherwise handled as for the trapped samples.
Experimental use of rabbits
Some of the live-captured rabbits were used in experiments to validate the specificity of ELISA tests developed by Capucci et al. (1996) . These experiments are described in detail elsewhere (McPhee et al. 2002) , but, briefly, they involved orally dosing wild-caught rabbits from Beechworth and Ballan with 0.5 mL RHDV preparation containing 1500 50%-lethal doses (LD 50 ) of RHDV (CSIRO Division of Wildlife and Ecology, Batch RCV-1A) to determine whether the competition ELISA accurately identified susceptible rabbits. Liver samples from cadavers were tested using RHD virus-capture ELISA (Collins et al. 1996) to confirm the cause of death. The opportunity was taken to use some of the serum samples collected during these experiments and analyse them, using IgG, IgA and IgM isoELISAs (see below), to obtain a detailed picture of the serological response of wild rabbits to infection. Serum samples taken from Beechworth rabbits before inoculation with RHDV then at 7 and 10 days after inoculation were of particular importance in verifying the criteria used in deciding the immunological status of rabbits.
ELISA methods
Competition ELISA (cELISA) for the detection of antibody in serum was performed as previously described (Capucci et al. 1997; Cooke et al. 2000) with sera diluted in the first well of the plate at 1:10 followed by further four-fold dilutions to enable titration. Titration curves were graphed and the titre of each serum was taken as the dilution that reduced the optical density at 492 nm (OD 492 ) by 50% relative to the initial wells of the negative reference serum. Results were expressed as reciprocal titres, with symbols '<' and '>' indicating slightly less than or slightly more than the given dilution. Titres that fell midway between two successive dilutions were expressed as intermediate values; that is, a titre between 640 and 2560 was expressed as 1280. Titres below the lowest test dilution were expressed as <10 or equivocal (E), although traces of colour indicating possible reactivity were noted as <<10. N indicated negative sera.
Isotype ELISAs (isoELISAs) for IgG, IgA and IgM were performed essentially as previously described (Capucci et al. 1997; Cooke et al. 2000) , although in this instance, the sera were diluted at 1:40 in the first ELISA plate well followed by further four-fold dilutions as a first step towards titration. Again, the titre of each serum was estimated as the dilution that changed the OD 492 by 50% relative to the initial wells of the standard reference sera. Similar notations were used as for the cELISA, with <<<40 indicating possible reactivity at titres well below the lowest test dilutions.
For the detection of RHDV antigen, a virus-capture ELISA developed in the Australian Animal Health Laboratory was used (Collins et al. 1996) . Myxoma antibodies were also detected, but not titrated, using an indirect ELISA developed by Kerr (1997) .
Data analyses
In addition to direct inspection of data to draw conclusions, data were analysed using chi-square analyses (G-test: Sokal and Rohlf 1995), simple linear regression and probit analyses (Genstat 5, Version 4.1, Lawes Agricultural Trust, Rothamsted Experimental Station, UK).
Results
Results from serological studies
Although Cooke et al. (2000) had developed criteria for distinguishing between antibodies produced against RHDV and those produced in response to the putative RHDV-like virus, serological data from Ingleston (McPhee and Cooke, unpublished) were analysed to verify that these criteria were also applicable to rabbits from central Victoria. A series of case histories from repeatedly captured rabbits showed that clear patterns in antibodies could be discerned, supporting the idea that a second RHDV-like virus was present. It was also possible to infer some of the epidemiological characteristics of this putative virus and to understand its interactions with RHDV. Detailed examples are given in Table 1 , but the broad general observations were as follows:
(1) Many young rabbits appear to be infected with the RHDV-like virus soon after they lose maternal antibodies ( Serology also suggested that rabbits at Ingleston with antibodies against RHDV responded with a boost in antibody titres (IgA and IgG) following re-exposure to the same virus (Table 1 , Example 4) as had been previously noted at Gum Creek (Cooke et al. 2000) . In general, antibody titres showed highly consistent results. Nevertheless, clear interpretation of serological results was not always possible. At times, antibody titres fell to low levels and antibodies of rabbits recovered from RHD could then be confused with antibodies of rabbits infected by a putative RHDV-like virus (Table 1, Example 5).
Criteria for distinguishing between antibodies
After examination of all data available, we determined that, for rabbits with significant IgG titres but no reactivity in IgA or IgM isoELISAs, a cELISA titre of 10 provides the best cut-off for deciding whether rabbits have been infected with RHDV or the RHDV-like virus. Those with cELISA titres ≤10 can generally be taken as showing antibodies to the RHDV-like virus. Rabbits with cELISA titres >10 are most likely to have been infected with RHDV. Clear IgA reactivity confirmed past RHDV infection while the presence of IgM isotype indicated rabbits that had recently recovered from RHD.
Experimental test of criteria
Data obtained from rabbits used in trials to evaluate the sensitivity and specificity of competition ELISA (McPhee et al. 2002) readily confirmed our interpretation of serological responses of rabbits in the field. Rabbits with presumed antibodies to the RHDV-like virus can be infected with RHDV (Table 2 , Rabbit W57) and rabbits with antibodies to RHDV may show no change in serum antibody titres (Table 2, Rabbit Y75) or increased titres following re-exposure to the virus (Table 2, Rabbit W62).
We also used data from the trials run by McPhee et al. (2002) to determine the reliability of the broad criteria we had developed for distinguishing between RHD antibodies and those produced in response to the putative RHD-like virus. This was particularly important for those rabbits that had low titres and might have been wrongly classified as having antibodies to the RHDV-like virus when in fact they had traces of RHDV antibodies from a long-past infection. Our analysis used data from rabbits collected from the field near Beechworth and Ballan in Victoria. After excluding young rabbits that might carry protective maternal antibodies, rabbits were assigned to groups as having (1) RHDV-like antibodies or (2) RHDV antibodies ( Table 2 ). The numbers of rabbits that survived Table 1 . Examples of serological data, given as reciprocal titres, from rabbits captured at Ingleston, Victoria, illustrating the antibody patterns that imply the presence and characteristics of an RHDV-like virus E, equivocal; P, positive; N, negative; <, slightly less than; >, slightly greater than. IgA titres <<<40 indicate extremely low reactivity in an ELISA, but are usually taken as being negative. Example 1: This young rabbit initially showed maternal antibodies to RHD (or RHDV-like agent) and myxomatosis. After these waned, the rabbit became infected with the putative RHDV-like agent as shown by a high titre of IgG antibodies in the absence of significant cELISA and IgA reactivity. Example 2: This rabbit, with a trace of maternal antibodies initially, subsequently showed high IgG titres but very low cELISA titres and no IgA reactivity, indicating infection with the RHDV-like agent. The IgG titre changed sharply over time, suggesting re-exposure to the RHDV-like agent. The rabbit survived myxomatosis as a young adult. Example 3: This rabbit, initially seronegative, developed IgG antibodies to the RHDV-like agent but was subsequently infected by RHDV as shown by the high cELISA, IgM and IgA ELISA titres. This rabbit also contracted myxomatosis. Example 4:
As seen at Gum Creek in South Australia, individual rabbits, already seropositive to RHDV, may respond serologically on re-exposure to the virus. The following example confirms a similar response among Ingleston rabbits. Example 5: Because IgA reactivity was very low initially, two explanations are possible: (1) the rabbit initially showed antibodies to the RHDV-like virus and was subsequently infected with RHDV in the 4 months between October 1999 and February 2000, and (2) the rabbit was re-exposed to RHDV after antibodies from the previous RHD infection waned or died in each of these groups following challenge with RHDV indicated the reliability of the chosen criteria (Table 3) . Among the Beechworth rabbits, one rabbit classified as having RHDV antibodies died after experimental challenge. However, the mortality seen among the rabbits with RHDV-like antibodies was significantly higher (G adj = 11.8, critical χ 2 = 3.84). Six of the eleven survivors from the group with RHDV-like antibodies showed strong increases in cELISA titres as well as IgG, IgA and IgM responses indicating that they had been exposed to RHDV for the first time. However, two rabbits gave a response typical of re-exposure to RHDV (IgG and IgA responses but no IgM response) and three rabbits showed no significant change in serum antibody titres.
On the basis of these results, it appeared that at least one rabbit regarded as having RHDV antibodies and five rabbits thought to have RHDV-like antibodies had been misclassified. This suggested that for rabbits with RHDV-like antibodies, about 5 of 29 or 17% of rabbits were likely to be misclassified.
Similar results were obtained from the Ballan rabbits. Of the twelve rabbits classified as having RHDV antibodies, two died following challenge with RHDV. Again, mortality was higher among those with pre-existing antibodies than those with RHDV antibodies (G adj = 8.9, critical χ 2 = 3.84). However, no detailed analyses of serum from surviving Ballan rabbits were made, so we were unable to fully consider the nature of the serological responses of rabbits with apparent RHDV-like antibodies when they were experimentally exposed to RHDV.
Antibodies to RHDV-like virus may influence mortality from RHDV
Beechworth and Ballan rabbits with antibodies to RHDV-like virus were grouped according to their IgG antibody titres (i.e. <40, 40-160, 161-640, etc.) and mortality data were pooled (Table 4 ) before analysis using a probit fit of the binomial data (died, survived) against log 10 (IgG titre) (Genstat 5, Version 4.1). A significant regression (P < 0.01) was obtained in which the negative slope indicated that mortality declined with increasing IgG titre: probit = 2.486(±0.746) -0.780(±0.275) × log 10 (IgG titre)
Values showing the estimated mortality in each broad antibody titre group are given at the top of Table 5 . This regression seemed to directly support the ideas of Nagesha et al. (2000) that high levels of pre-existing antibody protect against RHDV. However, as the detailed serological analyses showed, at least some of the Beechworth rabbits with RHDV-like antibodies appeared to have been affected by RHDV at some previous time. Certainly, three showed no response to challenge while two others showed a strong rise in IgA antibodies -both being responses typical of re-exposure to RHDV. This meant that the effects of high RHDV-like antibody titre and previous exposure to RHDV were confounded in the analysis and it was not possible to confirm or reject the idea that RHDV-like antibodies protect against RHDV.
After excluding results from the five rabbits that showed responses typical of re-exposure to RHDV, further analysis of the Beechworth data indicated that mortality would be expected to decline with increasing titre of RHDV-like antibodies, although the regression analysis failed to reach significance (P = 0.12). This was partly due to the muchreduced number of rabbits used in the analysis.
Titres of antibodies to the RHDV-like virus in different localities
Serum samples from sub-adult and adult rabbits were collected in late summer and autumn at 16 different Australian sites and assessed as being (1) RHDV antibodies, (2) RHDV-like virus antibodies or (3) seronegative according to the established criteria. After excluding those rabbits considered to have antibodies against RHDV, the remaining rabbits were further assigned to classes according to their IgG titres as shown in Table 5 . This enabled broad comparison of titres of protective RHDV-like antibodies from site to site. In addition, by using the fitted mortality rates from the probit regression above, a mortality index for each site was derived. For each site this index was calculated as Σn i m i /N, where n i is the number of rabbits in each antibody titre class, m i is the estimated mortality rate for that class and N is the total number of rabbits in the sample (Table 5 ). This index was not necessarily a true indicator of mortality among rabbits with antibodies to RHDV-like virus at any given site, but simply provided a way of reducing complex data to a single figure useful in making comparisons. When used in a regression against annual rainfall, this calculated mortality index showed a highly significant linear relationship (P < 0.001) that explained 67% of the variance. However, as Fig. 2 shows, there may be no epidemiologically important differences between the levels of antibodies to RHDV-like viruses in rabbit populations where average annual rainfall generally lies below 400 mm. It is mainly in areas where annual rainfall exceeds 500 mm that the antibodies to the RHDV-like virus seem most likely to reduce the impact of RHDV.
Discussion
Good serological evidence exists that an RHDV-like virus is present in wild rabbit populations over a large part of south-eastern Australia. The presence of antibodies to an RHDV-like virus has been shown previously (e.g. Nagesha et al. 2000; Robinson et al. 2002) and is now supported by our independent evidence collected from a wide area. Although the presence of this virus is only inferred from serology, the following detailed understanding of the characteristics of RHDV as used in ELISA techniques nevertheless adds further support.
In the cELISA and IgG ELISA developed by Capucci et al. (1995 Capucci et al. ( , 1977 to detect RHD antibodies, the antigen is a crude liver extract from a rabbit infected with the RHDV reference strain (Czech strain RHDV). Within this liver extract there are two antigens: the viral capsid (empty capsids are antigenically indistinguishable from capsids with RNA) and the viral subunits, probably two 60-kDa virus proteins (VP60) folded together (6S subunit). In the cELISA, only the capsid is involved in the reaction that occurs in liquid phase; this means that cELISA detects only the antibodies against the antigenic determinants on the surface of the capsid (virus-specific determinants). By contrast, in the IgG ELISA the antigen is bound to the solid phase by an RHDV-specific monoclonal antibody (Mab 1H8) that binds to both the capsid and the subunits. In addition, since the epitope of the Mab 1H8 is on the surface of the capsid (Capucci et al. 1995) , the subunits are oriented in a position where their inner surfaces can react with antibodies of the test serum. This enables antibodies to readily come into contact with better-conserved internal epitopes shared by genetically related viruses. As a consequence, IgG ELISA detects not only antibodies to RHDV but also antibodies induced by viruses only partially related to RHDV. This understanding helps to define the characteristics of the RHDV-like virus and says something about its structure and how it functions in the field. We would expect the putative RHDV-like virus to have some internal epitopes similar to RHDV, but the external coat protein may differ substantially in the area associated with the epitopes reacting with the 1H8 Mab.
In Europe, rabbits with antibodies to non-pathogenic rabbit calicivirus (RCV), a close relative of RHDV, are almost invariably immune to challenge with RHDV. By contrast, in South Australia, mortality rates of more than 90% were observed as RHDV first swept through wild rabbit populations (Bowen and Read 1998; Mutze et al. 1998) despite almost 80% of rabbits showing pre-existing antibodies of low IgG reactivity in many areas (Cooke et al. 2000) . Clearly, antibodies to the putative RHDV-like virus in Australia are not as strongly protective against RHDV as those generated against non-pathogenic RCV in Europe; the Australian RHDV-like virus is likely to have some unique differences when compared with RHDV.
Criteria for distinguishing between antibodies to the putative RHDV-like virus and those produced following recovery from RHD were first developed on the basis of observations at Gum Creek and other sites in South Australia (Cooke et al. 2000) , where such antibodies are rarely seen since RHDV became established. These criteria were reviewed with rabbits from the intensively studied Ingleston population, where the RHDV-like virus apparently remains much more common. For rabbits with IgG ELISA titres but without evidence of IgA or IgM, a cELISA titre of 10 was chosen as the best cut-off for deciding whether rabbits had been infected with RHDV or the RHDV-like virus. Those with cELISA titres ≤10 and high IgG titres were taken as showing antibodies to the RHDV-like agent. Rabbits with cELISA titres >10 were considered to have been infected with RHDV.
In practice, however, oral dosing of rabbits caught at Beechworth showed that some rabbits were misclassified using these criteria. There were clear cases in which test rabbits showed evidence of infection or re-exposure to virus contrary to those expected on the basis of their apparent serological status. For rabbits with RHDV-like antibodies it was estimated that 17% were wrongly classified. These misclassified rabbits apparently included those with very low levels of antibodies to RHD as well as rabbits with mixed antibodies resulting from infection with both RHDV and the putative RHDV-like virus.
Data from Ingleston suggest that most rabbits caught in the field acquired antibodies to the RHDV-like virus while they were very young and most were subsequently infected with RHDV (McPhee and Cooke, unpublished data) . Those that recovered from RHD showed characteristic antibody patterns (with IgM and IgA) although the ratios of IgG to cELISA titres were not the same as for rabbits infected by RHDV alone. IgG titres in such rabbits almost certainly reflected responses to both infectious agents, although these were not necessarily simple additive responses. From human calicivirus studies using Norwalk virus (NV), Hawaii virus (HV) and Snow Mountain virus (SMV) it is known that challenge with one virus can produce a seroresponse and boosting of titres of antibodies produced against related, heterologous viruses (Madore et al. 1990; Matsui and Greenburg 2000) .
However, this is not the only way in which high levels of antibodies to the RHDV-like virus might be acquired. In the field, rabbits with antibodies against the RHDV-like virus appear to be re-exposed to the homologous virus from time to time (i.e. there is boosting of IgG antibody titre in the absence of IgA response). Indeed, as shown in Table 1 , Example 2, it is possible that multiple exposures to the putative RHDV-like virus could produce the high antibody titres seen in rabbit populations in Victoria. This parallels field observations of Cooke et al. (2000) suggesting that wild rabbits at Gum Creek are frequently re-exposed to RHDV leading to progressively higher serum antibody titres.
Experimental data from both Beechworth and Ballan rabbits showed that there was apparently reduced mortality from RHDV among rabbits considered to have high titres of antibodies to the RHDV-like virus. However, because our detailed serological analyses showed that some rabbits with antibodies to the RHDV-like virus had also been affected by RHDV at some previous time, serological results were confounded to the point that it was not possible to fully confirm or reject the idea that RHDV-like antibodies protect against RHDV.
Nevertheless, it still remains likely that antibodies to the putative RHDV-like virus do protect rabbits against RHD. Rabbits that apparently carried a mixture of antibodies raised against both RHDV and the RHDV-like virus amounted to less than 20% of the Beechworth population, and such rabbits were by no means confined to those with the highest antibody titres. Reanalysis of the data after excluding rabbits that were misclassified also suggested that rabbits with high titres of RHDV-like antibodies were less likely to die, although the regression analysis failed to reach significance (P = 0.12). It could further be seen that, after excluding rabbits with mixed RHDV and RHDV-like antibodies from the data, only 18 out of 24 Beechworth rabbits with antibodies to the RHDV-like virus died following oral inoculation with RHDV. By contrast, Cooke and Berman (1999) tested 12 laboratory-reared wild rabbits that showed no antibody reactivity and recorded that all died following oral inoculation with an identical dose of virus (1500 LD 50 RHDV, CSIRO Division of Wildlife and Ecology, Batch RCV-1A).
Although some issues relating to the experimental data from Beechworth and Ballan remain unresolved, the results nevertheless indicate how RHD might affect present-day rabbit populations in which some rabbits carry antibodies to the putative RHDV-like virus and in some instances have been exposed to RHD as well. We used the statistically significant regression derived from the pooled data from both localities to estimate the relationship between mortality and antibody titre. Using this in conjunction with serological results from a survey covering 16 sites across a large part of south-eastern Australia, we derived a 'mortality index' that summarised the level of protection that antibodies to the putative RHDV-like virus might provide to rabbits in different geographical locations.
We found that although an RHDV-like virus was apparently present in all rabbit populations, titres of antibodies against it were invariably low in arid areas but high in wetter areas (Table 5 ). This meant that RHD was most likely to be impeded in areas where annual rainfall is in excess of 400-500 mm. This implies that the effectiveness of RHDV might be reduced in eastern NSW, southern and central Victoria and in South Australia, particularly in the south-east of that state and in the Mount Lofty Ranges near Adelaide. This pattern of distribution of RHDV-like antibodies could also explain why the initial spread of RHD had a low impact in areas of high annual rainfall (Neave 1999 , Henzell et al. 2002 , particularly if the RHDV-like virus was already well established before virulent RHDV spread across Australia.
Clearly, RHD has had little impact on the rabbit population at Ingleston, where many rabbits have antibodies to the putative RHDV-like agent. By contrast, in dry areas such as Gum Creek where such antibodies are seldom seen, rabbits have been maintained at 10-15% of their former abundance for more than 5 years. Nevertheless, the presence of an RHD-like virus is not the only possible explanation for the lack of impact of RHD. Factors such as climatic variation or differences in rabbit density and biology should not be dismissed without being considered further.
It is also worth reiterating that the existence of an RHDV-like virus in Australia is only implied from serology. Although that evidence is strong, it is nevertheless important to confirm the presence of the putative virus by isolating it and sequencing its genome to define its relationship with RHDV and the related non-pathogenic European rabbit calicivirus (RCV). It would also be important to experimentally confirm that the virus isolate could be transmitted between rabbits and that antibodies raised against it are at least partially protective against the development of fatal RHD.
Because the isoELISA analyses used in this study provide an indirect way of discerning antibodies to the putative RHDV-like virus, it would be important to develop a shorter, simpler method for detecting antibodies if the presence of an RHDV-like agent was verified. The methods used by Nagesha et al. (1995 Nagesha et al. ( , 2000 using rVLPs might be a useful starting point.
A second useful line of research would be to determine how RHDV might be better exploited in wetter areas despite the presence of the RHDV-like virus. Would it be possible to capitalise on dry years, when the RHDV-like virus may be less prevalent, to introduce RHDV more widely? Could new vectors, such as the rabbit flea, Caenopsylla laptevi ibera (Cooke 1999) , be used to facilitate the spread of RHDV at those times of the year when activity of the RHDV-like virus is naturally low?
The exploration of such ideas will be possible only if epidemiological studies can be broadened to elucidate the interactions between RHDV and the putative RHDV-like agent. There is much to be gained from such work, both in terms of making further economic gains from the biological control of rabbits and from the point of view of advancing epidemiological knowledge of virus interactions.
